Phosphoinositide-dependent kinase 1 (PDK1) is a critical activator of multiple prosurvival and oncogenic protein kinases and has garnered considerable interest as an oncology drug target. Despite progress characterizing PDK1 as a therapeutic target, pharmacological support is lacking due to the prevalence of nonspecific inhibitors. Here, we benchmark literature and newly developed inhibitors and conduct parallel genetic and pharmacological queries into PDK1 function in cancer cells. Through kinase selectivity profiling and x-ray crystallographic studies, we identify an exquisitely selective PDK1 inhibitor (compound 7) that uniquely binds to the inactive kinase conformation (DFG-out). In contrast to compounds 1-5, which are classical ATP-competitive kinase inhibitors (DFG-in), compound 7 specifically inhibits cellular PDK1 T-loop phosphorylation (Ser-241), supporting its unique binding mode. Interfering with PDK1 activity has minimal antiproliferative effect on cells growing as plastic-attached monolayer cultures (i.e. standard tissue culture conditions) despite reduced phosphorylation of AKT, RSK, and S6RP. However, selective PDK1 inhibition impairs anchorage-independent growth, invasion, and cancer cell migration. Compound 7 inhibits colony formation in a subset of cancer cell lines (four of 10) and primary xenograft tumor lines (nine of 57). RNAi-mediated knockdown corroborates the PDK1 dependence in cell lines and identifies candidate biomarkers of drug response. In summary, our profiling studies define a uniquely selective and cell-potent PDK1 inhibitor, and the convergence of genetic and pharmacological phenotypes supports a role of PDK1 in tumorigenesis in the context of three-dimensional in vitro culture systems.
Phosphoinositide-dependent kinase 1 (PDK1) is a critical activator of multiple prosurvival and oncogenic protein kinases and has garnered considerable interest as an oncology drug target. Despite progress characterizing PDK1 as a therapeutic target, pharmacological support is lacking due to the prevalence of nonspecific inhibitors. Here, we benchmark literature and newly developed inhibitors and conduct parallel genetic and pharmacological queries into PDK1 function in cancer cells. Through kinase selectivity profiling and x-ray crystallographic studies, we identify an exquisitely selective PDK1 inhibitor (compound 7) that uniquely binds to the inactive kinase conformation (DFG-out). In contrast to compounds 1-5, which are classical ATP-competitive kinase inhibitors (DFG-in), compound 7 specifically inhibits cellular PDK1 T-loop phosphorylation (Ser-241), supporting its unique binding mode. Interfering with PDK1 activity has minimal antiproliferative effect on cells growing as plastic-attached monolayer cultures (i.e. standard tissue culture conditions) despite reduced phosphorylation of AKT, RSK, and S6RP. However, selective PDK1 inhibition impairs anchorage-independent growth, invasion, and cancer cell migration. Compound 7 inhibits colony formation in a subset of cancer cell lines (four of 10) and primary xenograft tumor lines (nine of 57). RNAi-mediated knockdown corroborates the PDK1 dependence in cell lines and identifies candidate biomarkers of drug response. In summary, our profiling studies define a uniquely selective and cell-potent PDK1 inhibitor, and the convergence of genetic and pharmacological phenotypes supports a role of PDK1 in tumorigenesis in the context of three-dimensional in vitro culture systems.
PDK1 (phosphoinositide-dependent kinase-1) was first identified as a protein serine/threonine kinase that linked phosphatidylinositol 3-kinase (PI3K) to AKT (protein kinase B) activation in response to growth factor receptor signaling (1, 2) . Growth factor binding to receptor tyrosine kinases (RTKs) 3 results in activated PI3K, which phosphorylates the 3Ј-position of the inositol ring in phosphatidylinositol 4,5-bisphosphate to produce the second messenger phosphatidylinositol 3,4,5-trisphosphate (3) . Membrane-bound phosphatidylinositol 3,4,5-trisphosphate recruits AKT to the plasma membrane, where it co-localizes with PDK1 in a pleckstrin homology domain-dependent manner (4 -6) . The binding of phosphatidylinositol 3,4,5-trisphosphate to AKT induces a conformational shift that alleviates AKT autoinhibition (7) and allows for PDK1-mediated phosphorylation of AKT Thr-308, an event that is absent in both PDK1 null mouse embryonic stem (ES) cells (8) and tissue-specific PDK1 knock-out mice (9) . In parallel with the elucidation of the above PI3K/ PDK1/AKT signaling cascade, PDK1 has been shown to phosphorylate the conserved threonine/serine residue in the activation loop (T-loop) of about 20 related protein kinases (10) . Because this phosphorylation event is a prerequisite for full catalytic activity, PDK1 has been referred to as the "master regulator" of the AGC protein kinase family (10) .
The observation that several kinases phosphorylated by PDK1 are positioned in the oncogenic PI3K-or MAPK-signaling pathways and are themselves oncology targets (i.e. AKT, RSK (p90 ribosomal S6 kinase), PKC, and p70S6K (p70 ribosomal S6 kinase)) has prompted the development of small molecule PDK1 inhibitors (11) . Because tumor cells often possess pathological activation of the PI3K pathway, pharmacological inhibition of PDK1 is predicted to inhibit oncogenic cellular processes and thus be therapeutically beneficial (11) . Consistent with this, several agents targeting components of the PI3K and MAPK pathways are in clinical development, with some showing early signs of activity (12) . However, preclinical efficacy studies using pharmacological inhibitors of PDK1 have been hampered by the lack of specific proof-of-concept molecules (11, 13) . Thus, gene silencing and expression of functionally impaired and dominant negative mutant forms of PDK1 have frequently been used to probe PDK1 protein function in cells (13) (14) (15) (16) (17) (18) (19) (20) (21) .
In drug discovery, the cross-validation of cellular phenotypes using both RNA interference (RNAi) and chemical probes are highly valuable because convergent phenotypes provide confidence in conclusions drawn about a protein's biological function and its tractability as a drug target. A critical feature of genetics is the inherent specificity by which point mutations, gene deletion, or knockdown perturbs protein function. By contrast, for a small molecule, it is impossible to comprehensively identify all cellular targets, and pharmacological phenotypes may reflect "off-target" effects of a molecule (22) . Although off-target effects are also a potential issue for RNAi, nonspecific gene-silencing effects are routinely controlled for using multiple non-overlapping sequences (15, 23) . However, it is important to note that small molecules typically do not alter the expression of their target protein compared with gene silencing, which may disrupt protein complexes or impair protein functional domains that would be unaffected by a drug. Indeed, for many kinases, including PDK1, cellular phenotypes that are independent of the kinase catalytic activity have been reported (14, 24) . Taken together, this complexity highlights the importance of combining genetic and chemical approaches for drug target validation studies.
In this report, we provide proof of concept for the value of parallel genetic and chemical approaches focusing on the in vitro characterization of PDK1 function in multiple cancer cell lines. We benchmark candidate PDK1 tool compounds developed at Merck or disclosed in papers and patent applications and document through profiling and x-ray crystallographic studies the existence of an exquisitely selective molecule (compound 7) that inhibits PDK1 in a manner distinct from classical ATP-competitive inhibitors. Using this pharmacological inhibitor and RNAi, we identify anchorage-independent growth and cell migration/invasion as relevant PDK1-dependent assays. We show unambiguously, using a panel of 17 diverse cancer cell lines, that PDK1 inhibition or knockdown does not significantly inhibit cell growth on standard tissue culture plastic. Because the inhibition of monolayer cell growth is a frequently reported read-out for cell potency of PDK1 inhibitors in papers and patents, our findings have significant ramifications for selecting appropriate in vitro assays that can guide the lead optimization of selective PDK1 kinase inhibitors and enable the identification of biomarkers predictive of drug response. Toward this goal, using soft agar colony formation assays, we evaluate the pharmacological inhibition of PDK1 in cancer cell lines and in a panel of 57 primary, patient-derived tumor xenograft lines and identify phospho-PDK1 Ser-241 as a candidate pharmacodynamic (PD) biomarker predictive of efficacy. We also observe that about half of the responsive primary human tumor lines harbor oncogenic RTK mutations, providing a possible patient responder hypothesis for PDK1-targeted therapies.
EXPERIMENTAL PROCEDURES

Cell Culture and Reagents
All tissue culture reagents were from Invitrogen. Cell lines (ATCC) were grown at 37°C with 5% CO 2 in either Dulbecco's modified Eagle's medium (DMEM) (BT-474, MCF7, KPL-1, T47D, and HCT116), RPMI (A2780 and LS513), ␣-DMEM (C33a), DMEM/F12K (MDA-MB-231), or F12-K (PC-3) supplemented with 10% (v/v) FBS (Hyclone), 50 units/ml penicillin, and 50 g/ml streptomycin. Compounds were prepared as 10 mM stock solutions in DMSO and stored in aliquots at Ϫ20°C. The final concentration of DMSO is less than 0.5% (v/v) in all assays. The patient-derived, primary tumor xenograft lines were from Oncotest GmbH (25) .
Western Blotting
Cell lysates were prepared using radioimmune precipitation buffer (Pierce) plus protease and phosphatase inhibitor mixtures (Roche Applied Science), analyzed by SDS gel electrophoresis, and transferred to nitrocellulose or PVDF membranes (Invitrogen). Immunoblots were probed with the following antibodies: anti-PDK1, anti-p-PDK1 (p-PDK1) Ser-241, anti-AKT, anti p-AKT Thr-308, anti-p-AKT Ser-473, anti-p-S6K1 Thr-389, anti-p-S6 ribosomal protein (S6RP) Ser-235/236, and anti-␤-actin (all from Cell Signaling Technologies (Danvers, MA)) and anti-p-RSK Ser-221 (Invitrogen).
Antisense Molecules and Short Hairpin RNA (shRNA) Sequences
All antisense oligonucleotides were synthesized by Biospring (Frankfurt, Germany) and represent the third generation of gapmer antisense oligonucleotides (26) . The PDK1 GeneBloc (GB) and mismatch (mm) molecules have the following sequences: GB1, ugu gaa ATG CCC TTg ccg ugc; mm1, ugu gaa AAG CCG TTg ccg ugc; GB4, caa caa cCT CTT CTC Auc uuc gg; mm4, caa gaa cCA CTT CTC Tuc uuc gc; GB5, aau uuc aCC TTT CAG Aac uuu gu; mm5, aau guc aCC TAT CAT Auc uuu gu underline denotes altered nucleotides in mismatch oligos. The shRNA sequences used are as follows: sh1, 5Ј-AAG CCA GGG CCA ACT CAT TCG-3Ј; sh3,  5Ј-AAT TCC CGG ATA AGC GGA AG G GTT TAT TCA  AGA GAT AAA CCC TTC CGC TT A TCC TTT TTG-3Ј;  sh20, 5Ј-AAT TCC CGA C TC GAA CTC CTT TGA ACT TCA  AGA GAG TTC AAA GGA GTT CGA GTC TTT TTG-3Ј .
Proliferation Assays and Compound Dilution
Cell proliferation reagents ViaLight Plus (Lonza, Rockland, ME) and WST-1 (Roche Applied Science) were used according to the manufacturer's protocol. For the evaluation of compounds 1-7 ( Fig. 1) , PC-3 cells were seeded into 384-well plates (1000 cells/well) in 36 l of growth medium and incubated for 24 h. An initial dilution plate was prepared containing 10 mM compounds diluted with DMSO in 10-point halflog serial dilutions. DMSO and staurosporine (200 M) were utilized as high and low controls, respectively. 5 l of the serial diluted compounds were then transferred into an intermediate 1:20 dilution plate containing 95 l of growth me-dium. After mixing, 4 l of the resulting medium and compound was transferred into each well of the cell plate (resulting in final compound concentrations ranging from 50 M to 1.5 nM). After incubation for 72 h, ViaLight lysis reagent (10 l) was added to each well and incubated at room temperature for 10 min, followed by the addition of ViaLight ATPmonitoring reagent (30 l). Luminescence was measured (ViewLux plate reader, PerkinElmer Life Sciences), and IC 50 values were calculated using the high and low controls for curve fitting. A 96-well plate version of the above protocol was used for the 17-cancer cell line panel (Table 1 ).
In-cell Western Assay for p-RSK Ser-211 Inhibition
PC-3 cells (30,000 cells/well) were seeded in growth medium (200 l) in black wall, clear bottom 96-well plates (Corning Glass). The following day, 10-point 3-fold serial dilutions of compounds were transferred into each well and incubated for 2 h. Cells were fixed with 10% (v/v) formalin buffer, permeabilized using PBS supplemented with 0.1% (v/v) Triton X-100 for 15 min at room temperature, and blocked for 2 h with Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE). Next, plates were incubated overnight with a mixture of p-RSK Ser-221 and S6RP primary antibodies (1: 100 dilution in Odyssey Blocking Buffer). The following day, plates were washed in PBS, incubated for 2 h with secondary detection antibodies (IRDye 800 CW-conjugated anti-mouse and IRDye 680 CS-conjugated anti-rabbit), washed in PBS, and scanned for infrared signal using the Odyssey Imaging System (LI-COR Biosciences).
Reverse Phase Protein Microarrays
20 nl of denatured protein lysates (10 mM Tris, 100 mM NaCl, 1 mM EDTA, 20 mM Na 4 P 2 O 7 , 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate, 2 mM Na 3 VO 4 , 1 mM PMSF) were immobilized onto nitrocellulose-coated glass slides (Amersham Biosciences) using an Auchon 2407 microarrayer in 2-fold dilution curves. Arrays were blocked for 2 h at room temperature with casein containing 0.1% Tween 20, followed by blocking of endogenous biotin with avidin (Dako Systems), incubation with primary antibody (1:1000), and finally, incubation with biotinylated secondary antibody (1:5000). Arrays were developed with 3,3Ј-diaminobenzidine tetrahydrochloride chromogen. Integrated values for each spot were obtained by ImageQuant 3.0. Each assay was performed twice (technical replicas), and on each run, two independent measurements for every phosphorylated protein were obtained (biological replicas). The data were then normalized using the double-z score, and expression level of a housekeeping gene (GAPDH) was followed by averaging across the technical and biological replicas.
Matrigel-based Assays
Network Assay-48-Well plates (flat bottom; Corning Glass) were coated with Matrigel basement membrane matrix (BD Biosciences) according to the manufacturer's protocol. PC-3 cells were seeded at 50,000 cells/well and treated immediately after plating with either drug or vehicle (DMSO). Network formation was captured by contrast microscopy (Zeiss).
Boyden Chamber Assay-Cell invasion was assayed in 24-well Biocoat Matrigel invasion chambers (8 m; BD Biosciences) according to the manufacturer's protocol. Briefly, 5 ϫ 10 4 PC-3 or MDA-MB-231 cells were plated in the upper compartment of the chamber in 0.5 ml of serum-free medium with or without drug. Medium in the bottom chamber was supplemented with 10% FBS as a chemoattractant. After 48 h, cells in the bottom chamber were fixed with 4% formaldehyde and Hoechst-stained (Invitrogen), and the total number of migrated cells was quantified using SimplePCI imaging software (Version 6.6).
Spheroid Assay-5000 cells were seeded per well (96-well U-bottom plates) in complete medium supplemented with 2.5% Matrigel and centrifuged for 10 min at 1000 ϫ g to generate single spheroids with homogeneous sizes and morphologies. Compounds were added 24 h later, and spheroid sizes were measured after 5 days using contrast microscopy images.
MCF10A/ErbB2 Acini Formation Assay-Eight-well glass chamber slide (Falcon culture slides) were coated with growth factor-reduced Matrigel (BD Biosciences) and allowed to solidify. Differentiation medium (DMEM/F-12 containing 2% horse serum, 5 ng/ml EGF, 10 g/ml insulin, 100 ng/ml cholera toxin, 0.5 g/ml hydrocortisone) containing 2% Matrigel and the MCF10A/ErbB2 cells (5000 cells; 0.4 ml) were added to the top of the solidified layer of Matrigel. The following day and every 4 days, differentiation medium was replaced with or without compound.
Anchorage-independent Growth Assay-For soft agar colony formation assay, trypsinized cells (1 ϫ 10 4 ) were suspended in culture medium (Iscove's DMEM containing 0.6% Nobel agar and 20% FBS; 5 ml) and plated on a presolidified layer of soft agar (2.5 ml) in a 6-cm Petri dish. After solidification, culture medium (Iscove's DMEM containing 0.6% Nobel agar and 5% FBS; 2.5 ml) was added on top. An additional 1 ml of Iscove's DMEM was added to retain adequate rehydration. Cells were incubated for 3 weeks at 37°C. PDK1 inhibitor or vehicle (DMSO) was added to the culture medium at the time of seeding. After 3 weeks, colonies were stained with iodonitrotetrazolium chloride (Sigma) and photographed. The number of macroscopic colonies was determined from images using MetaMorph software (Molecular Devices, Sunnyvale, CA) from three independent plates. The clonogenic assays with patient tumor explants were carried out at Oncotest (25) .
RESULTS
Various structural classes of small molecule PDK1 inhibitors have been published in papers and patent applications (11) . However, most of these reports disclose limited kinase selectivity data and report highly variable cellular activities (11) , emphasizing the need for caution in selecting proof-ofconcept PDK1 inhibitors and for the importance of parallel genetic cross-validation of pharmacological phenotypes.
Collection of Small Molecule Inhibitors of PDK1-To enable the pharmacological characterization of PDK1, we first compiled a battery of structurally diverse kinase inhibitors with reported activity toward PDK1 (Fig. 1 ). These compounds were initially assayed against recombinant purified PDK1 en-zyme and characterized in the PC-3 prostatic cancer cell line by monitoring inhibition of proliferation and of p-RSK Ser-221, a bona fide PDK1 substrate (Fig. 1) . A parallel high throughput screening campaign (27, 28) complemented our literature search, and seven small molecule inhibitors were selected for further profiling. In brief, compound 1 was identified from a focused kinase library screen using an AKT-derived peptide substrate and full-length PDK1 enzyme (27, 28) . It represents the tetracyclic class of pan-Janus kinase inhibitors (29, 30) , which we further optimized for selectivity, yielding the tricyclic class of PDK1 inhibitors exemplified by compound 2 (31) . Compound 3 is the aminopyrimidine-based PDK1 inhibitor BX-795 reported by Feldman et al. (32) . Compound 4 exemplifies the imidazo [4,5-c] quinoline scaffold of BAG956, a dual PDK1/PI3K inhibitor with antitumor activity in vivo (33) , and is a chemotype related to NVP-BEZ235, a dual PI3K/mTOR inhibitor currently undergoing clinical trials (34) . Compounds 5 and 6 are dual CHK1/PDK1 inhibitors described by Millenium (35) and Vernalis Pharmaceuticals (36), respectively. Compound 7 exemplifies the pyridinonylbased PDK1 inhibitors described by Sunesis and Biogen Idec (37) , which conceptually consist of two fragments tethered by a flexible linker. The activity profiles reported herein are the first attempt to directly compare representative PDK1 inhibitors from various structural classes in an effort to identify suitable tool compounds for in vitro chemical genetic studies.
Compound 7 Is an Exquisitely Selective and Cell-potent PDK1 Inhibitor-Biological characterization of compounds 1-7 revealed a broad range of antiproliferative effects in PC-3 cells. The EC 50 values in a 72-h proliferation assay range from 2.1 M to inactive (Ͼ50 M) for enzymatically equipotent inhibitors, suggesting a possible contribution of "off-target" activities to this phenotype. In general, selectivity represents a key challenge when using pharmacological inhibitors to evaluate the involvement of a particular kinase in cellular processes (22) . For example, compound 3 (BX-795) and its analogs have been reported to inhibit cell cycle progression and induce apoptosis (32) ; however, recent chemical genetic studies show that BX-795 causes G 2 /M cell cycle arrest in both PDK1 wild type (PDK1 ϩ/ϩ ) and PDK1 null (PDK1 Ϫ/Ϫ ) ES exemplifying distinct structural classes. Enzymatic potency (PDK1 EC 50 ) was determined using recombinant, purified, full-length human PDK1 enzyme and AKT-Thr-308-tide as substrate (28) . Cell biochemical potency (p-RSK EC 50 ) was determined by measuring p-RSK S221 inhibition in PC-3 cells (2 h post-treatment; in-cell Western analysis). Cell viability (proliferation EC 50 ) was determined following 72 h of incubation of PC3 cells with compound (ATP ViaLight). The kinase selectivity data are based on a panel of 82 (compound 1), 183 (compound 5), or Ͼ200 protein kinases (compounds 2-4 and 7) and summarizes the percentage of kinases that have an extrapolated EC 50 greater than 100 times the compound's EC 50 for PDK1 (or 3000 times in the case of compound 7). For instance, 69% of the kinases profiled with compound 1 displayed estimated EC 50 values greater than 100 times the EC 50 value for PDK1 (see supplemental Table S1 for complete profiles). The selectivity profile was not determined for compound 6 because it did not appear to be cell-potent against p-RSK.
cells (13) . Thus, to get a more comprehensive view of non-PDK1 targets, the above compounds were profiled against large commercial panels of distinct protein kinases (supplemental Table S1 ). For each compound, the degree of selectivity is summarized as the percentage of kinases showing an EC 50 value greater than 100-fold of PDK1 EC 50 ( Fig. 1) . Notably, compounds 1-6 inhibit several protein kinases in addition to PDK1, making it difficult to render meaningful conclusions about cell-based functions of PDK1 using these compounds. However, compound 7 displayed greater than 3000-fold selectivity against the 256 kinases tested, making it an attractive tool compound for in vitro cell functional studies.
Compound 7 Binds to the Inactive Kinase Conformation of PDK1 and Induces Conformational Changes Not Previously
Reported for AGC Kinases-To understand the molecular basis for the exquisite selectivity of compound 7, we co-crystallized compounds 2 and 7 with PDK1 (Fig. 2a) . To date, analysis of a dozen small molecule inhibitor-PDK1 complexes are available in the Protein Data Bank, providing a framework for understanding kinase selectivity in terms of ligand-PDK1 protein interactions (11) . The x-ray co-crystal structure of compound 2 (Fig. 2a, left) displays a classical ATP-competitive and kinase-active binding mode (DFG-in). It forms hydrogen bonds to the hinge region of PDK1 (i.e. Ala-161 and Ser-160) that are similar to those reported for BX-517 (close relative of compound 3) (38) and staurosporine (39) . In contrast, the high resolution x-ray co-crystal structure of compound 7 (Fig.  2a, right) reveals an inactive kinase conformation similar to the binding mode of imatinib (DFG-out), which is a selective inhibitor of the tyrosine kinase bcr-abl (40) . This binding mode is made possible by the DFG residues of the activation loop being folded away from the conformation required for ATP phosphate transfer (41) . To our knowledge, this is the first reported example of a DFG-out (i.e. type II) kinase inhibitor for an AGC kinase.
Conceptually, compound 7 comprises three molecular fragments: a hinge binding group, a linker, and a hydrophobic moiety. The hydrophobic moiety, which occupies a pocket only present in the inactive conformation of PDK1, engages residues in PDK1 that are not conserved broadly within the kinase superfamily. This, together with significant conformational changes in the ␣C helix (Fig. 2a) which also impact the structural integrity of the PIF pocket, may explain its exquisite kinase selectivity and unique cell biochemical activity in PC-3 cells (see below).
Compound 7 Uniquely Inhibits Phospho-PDK1 Ser-241 Compared with Kinase-active Conformation (Type I)
Inhibitors-Western blot analysis of PC-3 cells treated with compounds 2 and 7 revealed potent time-and dose-dependent inhibition of the bona fide PDK1 phosphorylation sites (AKT Thr-308 and RSK Ser-221) as well as the downstream marker S6RP Ser-235/236 (Fig. 2, b and c) . This concerted pathway inhibition is consistent with genetic deletion studies, where the loss of PDK1 in mouse ES cells results in decreased kinase activity of AKT, RSK, and p70S6K, the last being the upstream kinase phosphorylating S6RP (8, 42) . However, we find that acute small molecule PDK1 inhibition differs from genetic deletion studies in two significant ways.
First, pharmacological PDK1 inhibition showed an acute, transient inhibition of p-AKT Ser-473 (Fig. 2b) . This effect was most pronounced for compound 7, which is also 10-fold more potent in the PDK1 enzymatic assay (EC 50 ϭ 1 nM) compared with compound 2 (EC 50 ϭ 9 nM; Fig. 1 ). However, prolonged pharmacological inhibition of PDK1 (Ͼ24 h), does not lead to a net change in the phosphorylation level of AKT Ser-473, consistent with constitutive PDK1 knock-out studies (8) .
Second, for compound 7, we observed a slow time-dependent inhibition of the PDK1 autophosphorylation site (p- PDK1 Ser-241) with about 70% reduction in phosphorylation at 48 h (Fig. 2b) . In contrast, compound 2 had no effect on phospho-PDK1 Ser-241 or total PDK1 protein levels (Fig. 2b) . Notably, compounds 1-6 are all known (or computationally predicted) to bind PDK1 in a kinase-active conformation (DFG-in mode), and none of these inhibitors induce significant dephosphorylation of p-PDK1 Ser-241 in cells (data not shown). Thus, we speculate that the unique ability of compound 7 to induce PDK1 in a dephosphorylated state results from its inactive kinase binding mode (DFG-out conformation) and note that this binding mode has not previously been reported for AGC kinases.
Selective Pharmacological Inhibition of PDK1 Has Minimal Effect on Two-dimensional Cell Proliferation-Given the potent PDK1 pathway inhibition elicited by compound 7 (Fig. 2) , as well as its favorable kinase selectivity profile (Ͼ3000 fold; supplemental Table S1 ), we next screened this inhibitor for antiproliferative effects in a panel of 17 cancer cell lines (Table 1). The cell lines were selected to represent different tumor types (i.e. breast, colon, lung, brain, and prostate) and to cover major signaling abnormalities based on pathway mutational status (i.e. RAS/PI3K/PTEN). To our surprise, compound 7 failed to potently inhibit the growth of plastic-attached monolayer cultures at concentrations achieving ϾEC 90 for cell biochemical pathway inhibition (Table 1 ). In contrast, several cell lines were sensitive (EC 50 Ͻ 1 M) to the highly selective and allosteric naphthyridione-based AKT inhibitor (compound 17 in Ref. 43) , including PI3KCA mutant breast cancer lines. Together, these results suggest a difference in potential therapeutic effect of molecules that directly inhibit AKT versus indirectly via PDK1.
PDK1 Knockdown Using either Antisense or RNAi Has Minimal Inhibitory Effect on Standard Plastic-attached Mono-
layer Cell Growth-RNAi-based gene silencing techniques offer a means to genetically authenticate specific pathway or phenotypic defects attributed to target inhibition by small molecules. To cross-validate the biological effects of compound 7, we first employed GB antisense oligonucleotides (26) to knock down PDK1 in the PTEN-null PC-3 cell line (Fig. 3a) . Three independent antisense sequences were used alongside their corresponding mm controls. As expected, each PDK1-targeting antisense molecule reduced phosphorylation of Ser-221 of p90RSK and Thr-308 of AKT, both direct phosphorylation sites of PDK1.
To determine the functional effects of reduced PDK1 expression and downstream signaling, we transfected cells with PDK1 and control antisense oligonucleotides as above and then allowed cells to proliferate for 96 h. Similar to pharmacological inhibition of PDK1 (compound 7; Table 1 ), acute knockdown of PDK1 had minimal effect on PC-3 cell growth, as evident from monitoring either cell density and morphology (Fig. 3b) or cell viability (Fig. 3c) . To ensure maximum knockdown, the ratio of transfection lipid to DNA was increased, but this resulted in a lipid dose-dependent growth inhibition in both PDK1 and control knockdown cells (supplemental Fig. S1 ). Notably, the decreased proliferation was more pronounced in PDK1 knockdown samples compared with control samples, possibly due to a combination of PDK1 deficiency and cellular stress induced by the transfection. In line with this observation, pharmacological inhibition of PDK1 in mouse ES cells has little effect on cell growth but can sensitize cells to apoptotic stimuli in response to chemotherapy-induced stress (13) .
To eliminate these lipid-derived nonspecific effects, we next used a vector-based doxycycline-inducible shRNA expression system (Tet-on) (44) to screen our cancer cell line panel for a PDK1 knockdown phenotype. Twelve cell lines with putative PI3K/MAPK-activating genotypes were stably transduced with lentivirus containing an shRNA targeting PDK1 (sh1). The ability to reduce PDK1 protein expression in response to doxycycline varied from cell line to cell line, although it approached Ͼ90% knockdown in multiple lines (Fig. 3d) . Accordingly, signaling nodes downstream of PDK1 were variably affected across the different cell lines, as determined by assessing PDK1-mediated phosphorylation sites on AKT and RSK as well as the downstream marker S6RP. However, we again were unable to detect acute proliferation defects across the panel of cell lines when PDK1 was targeted by shRNA (Fig. 3e) , regardless of the knockdown level or the interruption in downstream signaling. The general lack of inhibition of monolayer cell growth under standard tissue culture conditions, either via genetic knockdown or selective small molecule PDK1 targeting, prompted us to explore PDK1 function in alternative assays that capture other cellular responses relevant to cancer.
PC-3 Cells Depend on PTEN Loss for Colony Formation in Soft
Agar-Anchorage-independent growth is pivotal to the ability of tumor cells to survive and metastasize in vivo and, under in vitro conditions, allows transformed cells to form colonies in semisolid medium (45) . Before evaluating PDK1 function in soft agar colony formation assays, we determined the degree to which PTEN-null PC-3 cells depend on an activated PI3K pathway for their soft agar growth phenotype. For this, PTEN wild type (WT) or catalytically inactive mutant cDNA (C124S) (46) was expressed in PC-3 cells, and stable cell lines were generated. As expected, reconstitution of PTEN WT, but not catalytically inactive PTEN C124S, reduced the phosphorylation levels of AKT and p70S6K (Fig.  4a) . Despite this pathway inhibition, however, cell growth on tissue culture plastic was not inhibited. In contrast, when these isogenic PTEN-matched pair cell lines were plated in a soft agar colony-forming assay, PTEN WT expression pre-FIGURE 3. Knockdown of PDK1 using antisense oligonucleotides and inducible RNAi reduces pathway activity but has minimal effect on growth of cancer cell lines. a, PC-3 cells were transfected with antisense RNA oligonucleotides (GB) against PDK1 or mm controls. Cells were harvested at 96 h posttransfection, and lysates were analyzed by Western blotting for target knockdown levels and effects. b, just prior to harvest, the transfected cells were examined for visible growth deficiencies under the microscope. c, in parallel, cell viability (ATP ViaLight) was measured, and the percentage of viability was determined as the ratio of relative light units in the experimental sample over a non-transfected control grown over the same time period (96 h post-transfection). Error bars, S.E. d, a panel of cancer cell lines, grouped by known oncogenic pathway mutations (top), was stably transduced with lentivirus expressing a doxycycline-inducible shRNA targeting PDK1. Following growth in the absence (Ϫ) or presence (ϩ) of doxycycline over a 5-day period, transduced cells were harvested and analyzed by Western blotting for the knockdown level of PDK1 as well as for indicators of downstream signaling. The percentage of PDK1 knockdown is given below the PDK1 Western blot. e, cell proliferation assays were performed on the stably transduced cell lines from d by plating the same number of isogenic cells in the presence or absence of doxycycline (Dox) and counting total cells after 5 days.
vented anchorage independent growth (i.e. Ͼ90% inhibition) compared with parental or PTEN C124S reconstituted cells (Fig. 4b) . Thus, PC-3 cells depend on PI3K/PTEN signaling for anchorage-independent growth, and the ability of compounds to functionally suppress aberrant PI3K pathway activity can therefore be studied using soft agar colony formation as a quantitative assay.
PDK1 Knockdown Inhibits Anchorage-independent Growth of PC-3 Cells-Because PC-3 cells proved to rely on PI3K/ PTEN signaling (Fig. 4b) , we chose that cell line to continue 3 ) were plated on a soft agar bed (6-cm dish) and allowed to form colonies over a 21-day period. c, Western blot analysis of PC-3 cells subcloned from a pool of virally transduced cells with PDK1-targeting shRNA sequences (sh3 and sh20). Cells were lysed after growing for 5 days in the absence (Ϫ) or presence (ϩ) of doxycycline. d, growth curves of representative PC-3 subclones monitored through daily cell counts. To ensure maximal PDK1 knockdown at time of plating (day 0), cells were treated with doxycycline (Dox) 5 days prior to the start of the experiment. Error bars, S.E. e, representative soft agar colony formation of the PC3 clonal cell line sh20-6 following 21 days in the continued absence (Ϫ) or presence (ϩ) of doxycycline. f, soft agar colony formation was quantified by counting the number of colonies appearing after 21 days of growth on soft agar and represented as the percentage of colonies formed in the presence of doxycycline (T, doxycycline treatment) over control (C, no doxycycline treatment). Non-transduced PC-3 cells were included as added control showing a non-significant effect of doxycycline alone.
our PDK1 inhibition studies. To further maximize the knockdown efficiency of our lentivirus mediated RNAi screen (Fig.  3a) , we tested 30 additional constructs for PDK1 knockdown potential (supplemental Fig. S2 ). Based on quantitative RT-PCR, two shRNA sequences (sh3 and sh20) showing ϳ90% knockdown of mRNA were selected for further knockdown studies (supplemental Fig. S2a) .
During the process of identifying sh3 and sh20, we used an inducible lentiviral vector system where shRNA expression is linked to GFP (47) . Although virally transduced cells were selected with puromycin to eliminate non-infected cells, flow cytometric cell analysis revealed a heterogeneous population of GFP-positive cells (supplemental Fig. S2b) . A small fraction of cells (Ͻ10%) did not express GFP in response to doxycycline treatment and thus presumably lacked shRNA expression. To achieve a more homogenous cell population with regard to PDK1 knockdown potential, we therefore single cell-cloned the transduced PC-3 cells (supplemental Fig. S2c) . Western blot analysis revealed multiple clonal cell lines for sh3 and sh20 that displayed greater than 95% PDK1 protein knockdown and strong pathway inhibition in response to doxycycline treatment (Fig. 4c) . Because the inducible TetKrab system affords subcloning of cells in the absence of target knockdown, our approach circumvents the potential risk of negative selection if knockdown were to impair cell growth.
We next characterized the effect of knockdown in these clonal PC-3 cell lines using standard proliferation and soft agar colony-forming assays. Similarly to the PTEN reconstitution experiment (Fig. 4, a and b) , PDK1 knockdown did not affect the doubling time of the PC-3 cells when grown as plastic-attached monolayers in medium containing high glucose and 10% serum ( Fig. 4d and supplemental Fig. S2d ). In contrast, for cells seeded in soft agar, we saw a robust inhibition of colony formation (Fig. 4, e and f) similar to the effect of PTEN reconstitution. Again, the sh3 construct, which affords a more potent PDK1 pathway inhibition compared with sh20 ( Fig. 4c) , showed the strongest inhibitory effect (Ͼ98% efficiency) on colony formation (Fig. 4f) .
Pharmacological Inhibition of PDK1 Impairs Anchorageindependent Growth in a Subset of Cancer Cells and Primary
Tumor Lines-To explore the pathway context for in vitro response to PDK1 inhibition, we next evaluated the ability of compound 7 to inhibit anchorage-independent growth of tumor cells. Of the 17 cell lines listed in Table 1 , 10 readily grew in soft agar, and four of these were strongly inhibited by targeting PDK1 (Fig. 5, a and b) . Sensitive cell lines included PC-3 cells (mimicking the PDK1 knockdown result), T47D, MDA-MB-231, and NCI-H1437. Using a 96-well miniaturized version of the soft agar assay, IC 50 values for compound 7 were determined to be 329 Ϯ 102 nM for T47D and 729 Ϯ 364 nM for PC-3 cells (Fig. 5, c and d) . The functional dependence on PDK1 was further validated for the two breast cancer cell lines, with both sh3-and sh20-mediated knockdown resulting in inhibition of soft agar growth. Moreover, removal of doxycycline from the system reversed the phenotype (data not shown). Because none of the PDK1-dependent cell lines shared an obvious common genotype (i.e. PTEN deficiency or PI3K or RAS mutation), we next evaluated drug response in a panel of patient-derived primary human tumor xenografts grown in soft agar. Of the 57 tumor lines, nine were sensitive (EC 50 Ͻ 1.1 M) to PDK1 inhibitor treatment (i.e. 16% response rate; compound 7); however, sensitive tumor cells displayed a range of somatic DNA mutations, and inhibitor efficacy did not correlate with any specific pathway aberrations, as judged by somatic tumor mutations in PTEN, PI3K, RAS, or RAF (Table 2) . However, small cell lung carcinomas appear more sensitive to PDK1 inhibition (three of four) compared with lung tumor models of different histological subtypes (two of 27) ( Table 2) . Moreover, looking across all tumor tissue types, RTK mutations (EGFR, KIT, and FGFR3) appeared to sensitize cells to PDK1 inhibition, consistent with recent in vitro findings that PDK1 overexpression can potentiate the effect of RTKs on transformation of MCF10A cells (48) .
In an effort to understand the basis for sensitivity to compound 7, we next analyzed the signaling of the responsive and non-responsive cancer cell lines by Western blotting and noted large differences in basal p-AKT and p-RSK levels among cell lines (Fig. 5e) . Importantly, pharmacodynamic inhibition of S6RP confirmed the bioavailability of drug in both the sensitive and resistant cell lines. Interestingly, all four sensitive cell lines displayed significant compound-mediated Ser-241 dephosphorylation of PDK1 (1 M and 48 h post-treatment) compared with the resistant lines (Fig. 5e) . Thus, we conclude that efficient modulation of Ser-241 phosphorylation represents a candidate PD biomarker predictive of efficacy.
Intrigued by phospho-Ser-241 as a PD biomarker, we next looked at its expression across a large panel of 113 cancer cell lines using a reverse phase protein array (Fig. 6a) . Compared with phosphoprotein biomarkers routinely used to access the activation state of the PI3K/MAPK pathway, we discovered that p-PDK1 Ser-241 displayed relatively little variation among tumor lines, supporting the notion that the PDK1 Ser-241 autophosphorylation site is constitutively "on" in cells (10) .
PDK1 Inhibition Impairs Cell-Cell Networks and Growth on Matrigel-We next examined the effect of genetic and pharmacological PDK1 inhibition in cell culture systems where cells are grown either on a Matrigel bed or in spheroids (Fig.  6) . Matrigel is an extracellular matrix-containing basement membrane that facilitates growth of cells with increased malignant potential (49) . LY294002 has been shown to severely impair cell-cell connections and growth of PC-3 cells in this culture system at concentrations where no antiproliferative effects are seen on regular tissue culture plastic (50) . When PC-3 cells were grown on Matrigel, compound 7 induced an intermediate phenotype in the network assay compared with the dual PI3K/mTOR inhibitor PI-103 (Fig. 6, a and b) . PDK1 knockdown also showed similar results although less potently (Fig. 6c) . Again, PDK1 knockdown levels correlated with the phenotypic effect, with sh3 being more potent than sh20.
PC-3 cells, when seeded in 2.5% Matrigel, form suspension aggregates referred to as spheroids. It has been proposed that such spheroids may more closely resemble the morphology, cell-cell contacts, and diffusion properties of xenografts (51) . Treatment for 5 days with compound 7 inhibited the forma-tion of these spheroids in a dose-dependent manner although less potently than the dual PI3K/mTor inhibitor PI-103. Unfortunately, because compound 7 is not suitable for in vivo studies because it is rapidly cleared from the blood (Q liver Ͼ hepatic blood flow), the degree by which these in vitro assays predict anti-tumor efficacy in vivo remains unknown.
PDK1 Inhibition Impairs Cell Migration and Invasion-
Cancer mortality is due largely to distant metastases, with tumor cell motility and invasion playing crucial roles in the metastatic process. Previous studies using pharmacological inhibitors of PI3K (wortmannin and/or LY294002) indicated that the PI3K/AKT pathway plays a role in regulating FIGURE 5. Inhibition of PDK1 in a subset of cell lines impairs soft agar colony formation. a, the indicated cells were plated on soft agar in the presence of vehicle (DMSO) or compound 7 (1 or 10 M) and allowed to grow. Colonies were counted after 21 days and scored as a percentage of control colonies (DMSO). Colony formation for each condition was performed in duplicate. Error bars, S.E. b, representative pictures of colony formation assay used for quantification. c, titrations of compound 7 were carried out for PC-3 and T47D cells using a 96-well plate soft agar colony formation assay to determine EC 50 values. d, representative dose-response pictures from the 96-well plate soft agar assay analyzed by Isocyte. e, sensitive and resistant cell lines were plated on tissue culture-treated plastic in monolayer and treated with either DMSO or the indicated concentration of phosphoinositide-dependent kinase inhibitor (compound 7). After 48 h, cells were harvested, lysed, and analyzed by Western blotting identifying p-PDK1 Ser-241 as a candidate PD biomarker predictive of drug response.
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cell motility of cancer cell lines (52, 53) . Consistent with these findings, PTEN Ϫ/Ϫ mouse embryonic fibroblasts show increased motility compared with PTEN ϩ/ϩ mouse embryonic fibroblasts (54) , and expression of kinase-dead PDK1 or kinase-dead AKT into PTEN Ϫ/Ϫ cells inhibits migration (20, 54) .
In light of these reports, we next studied the effect of compound 7 on cell motility and invasiveness of the PC-3 prostate and MDA-MB 231 breast cancer cell lines using a Matrigel invasion chamber assay. In this assay, cells must first degrade a reconstituted basement membrane that occludes the pores of the filter and then migrate through these cleared pores to the bottom chamber. The bottom chamber contains the chemoattractant (10% serum). For compound 7, we found a significant dose-dependent inhibition of serum-induced cell invasion for both cell lines (Fig. 7a) . Furthermore, inducible PDK1 knockdown showed similar results in both PC-3 and MDA-MB-231 cells, although the effect was less dramatic (2- fold inhibition; data not shown) compared with the inhibition (5-10-fold) observed with compound 7.
To further evaluate the suggested role of PDK1 in invasion, we looked at phenotypic changes induced by compound 7 on polarized breast epithelial cells. When grown on Matrigel, MCF10A cells form well defined hollow acini (55) . Overexpression of mutant ErbB2, which activates both PI3K and MAPK signaling, results in a disturbed morphology (formation of filled multiacini) (55) , and ectopic overexpression of PDK1 further potentiates this transformed phenotype (48) . Therefore, two clonal MCF10A cell lines, engineered to express mutant ErbB2 and also selected for invasive features (with different degrees of disturbed acini) were incubated with PDK1 inhibitor. In both cell lines, the invasive phenotype (protrusions from acini) was reduced by compound 7, confirming that pharmacological inhibition of endogenous Reverse phase protein array values were normalized using the double-z score and the expression level of a housekeeping gene (GAPDH), followed by averaging across the technical and biological replicas. b, PC-3 cells were seeded on a bed of Matrigel and were grown in the presence of vehicle (DMSO), PI3K inhibitor (PI-103 at 1 M), or PDK1 inhibitor (compound 7 at 1 and 10 M) for 24 h. Photographs were taken at ϫ5 magnification. c, PC-3 cell growth on Matrigel in the presence of vehicle or drug was assayed using WST-1 cell proliferation reagent and represented as percentage proliferation. d, PC-3 subclones containing doxycycline-inducible PDK1 knockdown were cultured on a Matrigel bed in the absence or presence of doxycycline, and WST-1 counts for cell proliferation were collected 48 h after seeding. Error bars, S.E. e, PC-3 cells were subjected to a spheroid growth assay in the presence of 2.5% Matrigel and the indicated concentration of either the PI3K inhibitor, PI-103, or compound 7. Photographs were taken following 5 days of growth.
PDK1 indeed may inhibit ErbB2-induced transformation (Fig. 7b, arrows) . Interestingly, although activating mutations in PDK1 have not yet been identified from cancer genome sequencing efforts (56) , immunohistochemistry studies have revealed that PDK1 may be hyperactivated or overexpressed in a large percentage of invasive human breast cancers based on p-PDK1 Ser-241 quantification (21, 48, 57, 58) . This clinical observation, together with the effect of PDK1 inhibition on cell invasion and migration reported herein, suggests that PDK1 inhibitors may find utility as part of a therapeutic strategy to target highly invasive and metastatic cancers.
DISCUSSION
Genetic validation of PDK1 as an oncology drug target has been extensively pursued (13, 19, 20, 57, 59, 60) , but supporting pharmacological data has been problematic due to offtarget effects of poorly selective compounds (11, 32, 61) . Here, we have compared the enzymatic and cell biochemical potency of structurally diverse kinase inhibitors with activity against PDK1. By focusing on kinase selectivity and potency, we uncovered an exquisitely selective PDK1 inhibitor (compound 7), which we characterized in parallel with target knockdown to elucidate the role of PDK1 in cell-based biochemical and functional assays.
Because there are over 500 kinases in the human genome (62) , the issue of selectivity for pharmacological inhibitors is critical when studying the cellular function of members of this enzyme family. For example, it can be challenging to obtain specificity of 80% (based on greater than 100-fold selectivity) for prototypical kinase inhibitors (Table 1) . Nevertheless, even this degree of selectivity implies that ϳ100 additional kinases may be inhibited within a treated cell. Notably, compound 7 exhibits greater than 3000-fold selectivity in a panel of 256 kinases (supplemental Table S1 ), making it a unique compound for in vitro target efficacy proof-of-concept studies. However, because "off-target" effects cannot formally be excluded for small molecules, parallel genetic knockdown studies were conducted to corroborate compound-induced phenotypes.
To our knowledge, compound 7 is the first example of a molecule that binds to the inactive conformation of an AGC kinase (Fig. 2a) . The unique ability of compound 7 to cause PDK1 T-loop dephosphorylation further supports this crystallographic observation, because classical ATP competitive inhibitors (compounds 1-5) do not modulate Ser-241 phosphorylation in cells (Fig. 2b) . Notably, in contrast to PDK1 substrate inhibition, which occurs rapidly within a few h following inhibitor treatment, the inhibition of p-PDK1 Ser-241 FIGURE 7 . PDK1 inhibition reduces cell migration and invasiveness of cancer cells. a, MDA-MB-231 and PC-3 cells were treated with increasing concentrations of compound 7 or DMSO control and were seeded into Matrigel invasion chambers in triplicates. After 48 h, the total number of cells that had migrated into the lower chamber was measured for each condition. Error bars, S.E. b, MCF10A cells engineered to express exogenous ErbB2 (clone b9, low expressing clone; clone p9, high expressing clone) were plated on Matrigel, and their ability to form acini in the presence of DMSO or increasing concentrations of compound 7 was determined after 7 days of inhibitor treatment.
occurs relatively slowly within 1-2 days (Fig. 2b) . Because phosphoproteins like AKT are highly regulated and susceptible to phosphatase activity in cells (Fig. 2b) , we speculate that the slow dephosphorylation of p-PDK1 Ser-241 implies that this autophosphorylation site is not subject to tight physiological regulation by protein phosphatases; instead, the dephosphorylation is a direct consequence of the drug-induced conformational changes in the PDK1 enzyme that expose Ser-241 to the solvent and "housekeeping" phosphatase activity. Indeed, this notion is consistent with our reverse phase protein array analysis showing a relatively uniform level of p-PDK1 signal across a large panel of cancer cell lines (Fig. 6a) and with our analysis of PTEN-deficient mouse tumor models where the conditional activation of the PI3K pathway (through PTEN loss) does not lead to changes in PDK1 Ser-241 phosphorylation.
Although targeting the inactive form of tyrosine kinases has been postulated as a strategy to achieve high kinase selectivity, the proposed selectivity benefits have rarely been realized (41) . In this example, it is unclear why compound 7 is substantially more selective than compounds 1-6 or compared with other type II kinase inhibitors like imatinib (63), BIRB796 (64) , and sorafenib (65) that also bind to a kinaseinactive conformation. Clearly, unique enzyme-inhibitor interactions, made possible by the conformational flip of the DFG residues of the activation loop, provide a plausible explanation for the basis of specificity because compound 7 extends into an "allosteric" conformation-specific hydrophobic pocket adjacent to the ATP-binding pocket. However, our x-ray co-crystal structure also identifies a novel compoundinduced disruption of the ␣C helix, which may contribute to the exquisite selectivity of compound 7. Whether this conformational change in the ␣C helix is unique to PDK1 or can be leveraged for targeting other AGC kinases is currently unknown.
In the context of cancer, we have defined a role for PDK1 in anchorage-independent cell growth, migration, and invasion. We show using pharmacological PDK1 inhibition that in some cell lines, these cellular processes depended on PDK1 kinase activity. This adds a critical component to existing target validation studies that rely on RNAi-mediated knockdown or ectopic overexpression of PDK1 (19, 21, 48) . Because protein scaffolding functions, independent of PDK1 catalytic activity, have been shown to regulate cancer cell motility (19) , our pharmacological data address the potential concern that PDK1 knockdown could be disrupting signaling complexes, thereby resulting in phenotypes not mimicked by a small molecule drug.
Notably, compound 7 inhibited the soft agar growth of both cancer cell lines and primary, patient-derived tumor xenograft lines with a response rate of 25% (four of 12) and 16% (nine of 57), respectively ( Fig. 7 and Table 2 ). Interestingly, for the primary tumors, many of drug-responsive lines (five of nine) harbor oncogenic mutations in upstream activating RTKs, providing a biomarker hypothesis that is consistent with recent data suggesting that PDK1 activity can potentiate the transformed phenotype ErbB2 and potentially other RTKs. In contrast, no clear correlation between drug response and genetic mutations emerged from the cancer cell line panel. However, two of the responsive cancer cell lines display low basal levels of p-AKT, which may suggest a dependence on other PDK1 substrates for tumorigenicity, including PKC or SGK3, as proposed by Vasudevan et al. (21) . In contrast to that study, we do not find that MCF7 cells, despite their low basal AKT activity (Fig. 5e) , depend on PDK1 for soft agar growth and acknowledge that differences in culture conditions and passage numbers may lead to phenotypic variability of MCF7 cells (21) . Instead, we identify inhibition of p-PDK1 Ser-241 as a novel candidate biomarker of response based on the correlation between T-loop dephosphorylation and growth inhibition in colony formation assays (Fig. 5e) . Because increased levels of p-PDK1 Ser-241 protein have been reported in breast carcinomas (21, 48, 57, 58) , targeting PDK1 with molecules like compound 7, which can induce a reduction in PDK1 T-loop phosphorylation, may provide an advantage over prototypical ATP-competitive PDK1 inhibitors (compounds 1-6).
Contrary to PDK1-dependent phenotypes in soft agar and Matrigel-based assays, PDK1 inhibition had minimal effect on plastic-attached monolayer cell growth in all 17 cancer cell lines tested (EC 50 Ͼ 9 M for compound 7; Table 1 ), suggesting that PDK1 activity is not rate-limiting for cell proliferation under standard tissue culture conditions (i.e. medium containing high glucose and 10% serum). Consistent with pharmacological PDK1 inhibition, acute gene silencing of PDK1 also failed to inhibit standard cell proliferation (Fig. 3e) . This implies that the antiproliferative effects frequently reported for PDK1 kinase inhibitors in the literature and patent applications are misleading in terms of scoring the potency of PDK1 inhibitors in cells. For example, the antiproliferative effects reported for the celecoxib derivative OSU-03012 in PC-3 cells, which is being studied as a PDK1 inhibitor (66, 67) and is currently undergoing clinical trials (68, 69) , is probably due to PDK1-independent effects. In fact, OSU-03012 lacks inhibitory activity in our full-length PDK1 enzymatic assay (28) , consistent with another report (11) . Likewise, the antiproliferative effects reported for the commonly used PDK1 inhibitor BX-795 are likely misleading. This compound has potent activity against many other anti-cancer drug targets, including Aura A and TBK1 (61) , and shows antiproliferative effects in PDK1 knock-out (PDK1 Ϫ/Ϫ ) cells (13) . Along these lines, derivatives of BX-795 optimized for selectivity possess 10 -100-fold higher activity in soft agar growth assays compared with their poor activity under standard tissue culture conditions (70) . Notably, PDK1 Ϫ/Ϫ ES cells grow similarly to their wild-type counterparts under standard cell culture conditions, consistent with our observation that the PDK1 enzyme is not rate-limiting for in vitro cell growth of cancer cell lines (13) . Interestingly, however, PDK1 Ϫ/Ϫ ES cells display a survival disadvantage over wild-type ES cells when transplanted into nude mice (13) in support of reduced survival in the absence of PDK1 activity.
Unlike pharmacological PDK1 inhibition, six of 17 cell lines were sensitive (EC 50 Ͻ 1 M) to the Merck allosteric AKT inhibitor in standard cell proliferation assays (Table 2) . Because both inhibitors display single digit nanomolar activity against their respective kinase targets in enzymatic assays, this result suggests a difference in the potential therapeutic effect of molecules that directly inhibit AKT versus indirectly via PDK1. One potential advantage of the allosteric AKT inhibitors may be the dual inhibition of both AKT Thr-308 and Ser-473 compared with PDK1 inhibitors, which only inhibit the steady-state phosphorylation of Thr-308. Indeed, phosphorylation of AKT Ser-473 in response to the mTORC1 inhibitor rapamycin has been highlighted as a potential issue that may limit its single agent activity in the clinic (71) .
In summary, preclinical studies using pharmacological inhibitors may help stratify cancer patients and inform the design of clinical trails. Toward this goal, our in vitro studies suggest that potent and selective PDK1 inhibition may find use in oncology via inhibition of non-adherent cell growth, tumor cell migration, and invasion, which all play crucial roles in the metastatic process of malignant neoplasms. In the future, it will be important to study the outcome of in vivo pharmacological inhibition of PDK1 in tumor models, once favorable metabolic and pharmacokinetic properties have been incorporated into selective small molecule proof-of-concept inhibitors.
